Introduction
Predictive modeling of the magnitude and direction of global climate change depends on accurate estimates of elemental pools and fluxes that contribute to atmospheric composition (IPCC, 2007a) . Dependable elemental pool and flux estimates must be founded on and validated by direct measurement of these quantities at relevant regional scales that include soil-climatic conditions and land use patterns that are globally significant (Adams et al., 2003) . In 2002, the U.S. Department of Agriculture-Agricultural Research Service (ARS) established a national program of spatially-distributed sites that make direct measurements in agroecosystems of soil carbon ଝ Disclaimer: Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture. USDA is an equal opportunity provider and employer.
(C) pools and the fluxes of greenhouse gases (GHG) (carbon dioxide, CO 2 ; nitrous oxide, N 2 O; methane, CH 4 ). The data generated by this program, the Greenhouse Gas Reduction through Carbon Enhancement Network (GRACEnet), are being deposited in a common database (publically accessible) to enable emission factor calculation, emission estimate validation, and predictive modeling (Jawson et al., 2005) . Initial objectives of the GRACEnet program are to provide direct measurements of soil C pools and gas fluxes under a range of soil-climatic conditions that are associated with (i) regionally common agricultural practices; and, (ii) agricultural practices that may lead to enhanced C sequestration and GHG mitigation.
Twelve percent of the world's terrestrial land surface is cropland (FAO, 2002) ; in the U.S., it is 18% or 179 million ha (Lubowski et al., 2006) . Corn (Zea mays L.) is the number one crop in the U.S., occupying 46 million ha (NASS, 2012) . The majority of corn is grown within the U.S. Corn Belt, a temperate region that stretches from eastern South Dakota to Ohio where corn is the dominant crop. Corn is a leader among commodity crops with its requirements for fertilizer inputs and production of plant biomass and therefore has a strong influence on C and nitrogen (N) cycles. In many parts of the U.S. Corn Belt, corn is commonly raised in a 2-year corn-soybean (Glycine max (L.) Merr) rotation that takes advantage of reduced residue production, reduced pest pressure, and nitrogen additions to the soil by nitrogen fixing bacteria associated with the legume (Bullock, 1992; Carpenter-Boggs et al., 2000; Riedell et al., 2009 ). Alternatively, corn may be grown within a more diversified rotation that may provide greater nutrient and pest protection advantages (Bullock, 1992; Riedell et al., 2009) . It is unclear if there are advantages with respect to GHG production from corn grown within a diversified rotation. In a three-year study of GHG emissions at a Minnesota location, Johnson et al. (2010) reported that CO 2 and N 2 O fluxes were similar in corn grown within 2-and 4-year rotations. However, for methane, they found that corn grown in a 2-year rotation was a sink measuring about 1 kg CH 4 -C ha −1 while corn grown in a 4-year rotation produced 0.4 kg CH 4 -C ha −1 . At an Indiana field site, rotated corn lowered N 2 O emissions 20% compared to continuous corn (Omonode et al., 2011) .
A recent summary report on agricultural GHG specifically identified the lack of long-term field studies on GHG emission for the primary corn producing regions, especially for dryland systems (GGWP, 2010) . We determined soil surface gas fluxes from no-till, dryland corn during the 2007-2010 growing seasons in eastern South Dakota and tested the effect of rotation on these fluxes by comparing corn grown within a 2-year (corn-soybean) rotation with corn grown in a 4-year (corn-field peas (Pisum sativum L.)-winter wheat (Triticum aestivum L.)-soybean) rotation. The study location in eastern South Dakota occupies the northwestern extent of the U.S. Corn Belt with Mollisol soils that are predominant within the Corn Belt.
Materials and methods

Study site
The 65 ha Eastern South Dakota Soil and Water Research Farm located in Brookings, South Dakota (44 • 19 N latitude; 96 • 46 W longitude) is operated by the North Central Agricultural Research Laboratory (USDA-ARS-Northern Plains Area) under a long-term lease agreement. The research farm is located at 500 m elevation in the Big Sioux Basin of the northern glaciated plains, a region with 58 cm mean annual precipitation (MAP) and a mean annual temperature (MAT) of 8 • C (Bryce et al., 1998) . This land is classified as Rolling Till Prairie within the Central Feed Grains and Livestock Region (NRCS, 2006) . The physiographic region is the glaciated Missouri Plateau (USGS, 2003) . The Mollisol soils are a Barnes sandy clay loam (fine-loamy, mixed, superactive, frigid Calcic Hapludoll) that are moderately drained, with a high total soil organic matter content (about 4%), and a clay content of about 280 g kg −1 measured in the top 5 cm (Pikul et al., 2007) .
Experimental plots and agricultural management
Corn was grown under no-till management within a randomized, complete block (4 replications) study that included a 2-year (corn-soybean) rotation and a 4-year (corn-field peas-winter wheat-soybean) rotation with replicate plots for each crop phase 
Soil sampling and analysis
Composite cores (3.2 cm diameter, 0-15 and 15-30 cm depth intervals) were collected from the plots at every two years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) following harvest and analyzed for pH (1:1 in water), EC, bulk density, total N and C by combustion (Nelson and Sommers, 1996) . Soil samples were not pretreated to remove carbonates before dry combustion, but were tested for the presence of inorganic C (Nelson and Sommers, 1996) in samples having a pH ≥ 7.0. There was no inorganic C detected at the 0-15 and 15-30 cm sampling depths; therefore, measured total C is equivalent to organic C.
Gas flux measurement
We used vented PVC static flux chambers (25 cm diameter × 15 cm height) (Hutchinson and Mosier, 1981) to measure GHG fluxes from the corn plots according to the guidance of Parkin and Venterea (2010) . Two chambers per plot were temporarily installed (40 min) on PVC collars that were located between corn rows where there would be no wheel traffic during the growing season. Collars were centered between rows which meant that banding of starter N fertilizer (about 25% of annual N application) occurred within 5 cm of each chamber. Collars were removed for planting and harvesting; a minimum of 24 h elapsed before resumption of sampling activities following collar installation. Sampling was scheduled for two-week intervals during the cropping season and monthly intervals during the remainder of the year. Sampling was discontinued during periods where installation of the chambers on the collars would have necessitated disturbance of snow cover. Each sampling session was centered on 10 a.m. and temperature data (air; soil, 5 cm depth; chamber) were collected with a thermometer for each block. Starting in Dec. 2007, soil moisture (0-30 cm) was measured at each chamber location immediately following each gas sampling event using time-domain reflectrometry (TDR) (Trase System model 6050X1, Soil Moisture Equipment Corp., Santa Barbara, CA). Prior to Dec. 2007, gravimetric soil moisture (0-10 cm) was measured on soil samples collected during three gas sampling occasions. Accompanying daily weather data (air temperature, precipitation) was collected by an automated weather station (CR10X, Campbell Scientific, Logan, UT) located 300 m south of the research plots. Local 30-year average temperature and total precipitation data were obtained from a National Weather Service Coop station located five km southeast of the research plots (Table 3) .
At 20 min intervals, 10-ml chamber headspace samples were collected with a syringe via a chamber septum and added to 10-ml, nitrogen-filled serum vials. All three gases (CO 2 , N 2 O and CH 4 ) were quantified simultaneously by gas chromatography (Shimadzu 14B with a CombiPal AOC-5000 autosampler, 2-ml injection loop, Porapack Q precolumns, a 1/8" stainless steel Porapack Q (80/100 mesh) column, a Haysep-D column (columns operated at 60 • C), and a flame ionization detector and an electron capture detector both at 260 • C). Nitrogen was the carrier gas with air and hydrogen for the FID. All gases were of the highest grade and pre-filtered.
Calibration was routinely performed using dilutions of a certified, gas standard mix (Scott Specialty Gases, Plumsteadville, PA). Gas fluxes were calculated using linear regression and the average of two chambers used to represent each plot for further analysis.
For the purposes of calculating cumulative gas fluxes, the crop year was considered to be May 1 through April 30 of the following year. The fluxes on the first (May 1) and last (April 30) day of each crop year were assumed to be zero for N 2 O and CH 4 . For CO 2 , 5000 g ha −1 d −1 was used for the May 1 and April 30 dates to avoid underestimating the annual CO 2 flux (5620 g ha −1 d −1 was the calculated average for all April and May readings over the four years). Linear interpolation between measurements was the basis for integrated cumulative fluxes; negative fluxes were subtracted from positive fluxes to yield net cumulative fluxes. To express global warming potential (GWP), N 2 O and CH 4 fluxes were converted to CO 2 equivalents using 100-yr GWP factors for N 2 O (298) and CH 4 (25) (IPCC, 2007b) . For each gas, the main effects of the fixed treatment factor (rotation) on annual cumulative flux were tested for significance by analysis of variance procedures with block and year as the random factors. Pairwise comparisons between treatment-year combinations were tested for significant difference using Tukey's posthoc test.
Results
Meteorological conditions, crop growth and soil carbon
Average temperatures for the calendar years 2007, 2009, and 2010 were higher than the 30-yr average, while 2008 was cooler than average (Table 3) . Annual precipitation in 2007 and 2009 was close to the 30-yr average while 2008 was considerably drier and 2010 considerably wetter than the average. Overall grain yield for the experiment was below the regional average (Brookings County, SD: 7840 kg ha −1 ) but was consistent with the N application for our experimental yield goal, except for the 2007 growing season which was below our yield goal (Table 4) . Average monthly precipitation and temperature data compiled for the 2007-2010 growing seasons (Table 5) showed that rainfalls during the months of June and July of 2007 were less than half that of the following growing season (Table 5 ) and co-occurred with comparatively higher temperatures. The decreased grain yield (and C removed) in 2007 was not accompanied by a decrease in above-ground C, biomass production, C returned to the soil (Table 4) . During the four years of GHG measurements there were no significant difference in grain yield, or above ground plant C components measured for the experiment due to differences in crop rotation length, except for total above-ground C during 2009 which was significantly higher for the 4-year rotation compared to the 2-year rotation. Grain yield during the 2009 growing season was significantly higher than our experimental yield goal (Table 4) . During this growing season environmental conditions exhibited mild temperatures with timely precipitation during June and July (Table 5) .
Changes in soil C were calculated using fall-collected soil samples following one and two complete rotation cycles for the 4-year rotation treatment compared to the 2-year rotation (Table 6 ). Soil C values in the 4-year rotation increased in the 0-15 cm depth interval compared to the 2-year rotation which changed little, Table 4 Mean corn yield, above ground carbon produced and grain carbon removed from the system, and the amount of plant carbon returned to the soil. 
a Means ± 1 standard error in parentheses. 1852 (806) 1332 (1834) a Means ± 1 standard error in parentheses.
although the difference between the treatments was not statistically-significant. However, the 4-year rotation had a statistically-significant increase in soil C for the 15-30 cm sampling depth compared to the 2-year rotation which had a net loss of soil carbon in this depth interval. Combining the two depth intervals into a single 0-30 cm depth interval, the 2-year rotation had an annual soil C loss (−120 kg C ha −1 ) and the 4-year rotation had a annual soil C gain (596 kg C ha −1 ) over the 2006-2010 time period. Measurements of annual changes in soil C were offset about six months from annual GHG flux measurements which were calculated starting May 1.
Gas fluxes
The annual patterns of accumulating net flux for CO2 (Fig. 1), N2O (Fig. 2) , and CH4 (Fig. 3) were very similar for both rotational treatments in each year. Total annual net soil surface CO2 fluxes were between 1550 and 2650 kg CO2-C ha −1 for three of the four years (Table 7) . In 2007, which had the warmest, but driest, growing season (Fig. 4, Table 5 ), CO2 fluxes were between 3300 and 4000 kg CO2-C ha −1 . Nitrous oxide fluxes ranged from 0.8 to 1.5 kg N2O-N ha −1 yr −1 with the lowest amount produced during 2007. Net methane fluxes in 2007 were nearly neutral, while estimates for 2008-2010 were between 0.9 and 1.6 kg CH4-C ha −1 yr −1 . There was no significant effect of rotational treatment on the annual total fluxes of any of the three gases from corn (Table 8 ). There was a significant effect of year (p < 0.001) on CO2 flux and a significant interaction of year and rotation on CO2 flux (p = 0.007). Pairwise testing found that the CO2 flux from both treatments in 2007 was significantly higher than the other three years; and, that the CO2 flux from corn in the four-year rotation in 2008 was significantly lower than that in the two-year rotation in 2010 (Table 7) . Coefficients of variation (CV) among replicate plots for net annual fluxes ranged from 3.6 to 28.4% for CO2, from 18.5 to 94.5% for N2O, and 54.8 to 224.2% for CH4 (excluding the 2007 year for CH4).
Mean net annual gas fluxes calculated over four years for both treatments were 2.4 Mg ha −1 (CO2-C), 1.2 kg ha −1 (N2O-N), and 0.9 kg ha −1 (CH4-C). The calculated annual GWP values for N2O and CH4 were 572 kg CO2-eq ha −1 and 30 kg CO2-eq ha −1 , respectively.
Measured CO2 fluxes over the four years tracked seasonal temperature patterns, and fluxes commonly spiked following precipitation events (Fig. 4) . Nitrous oxide fluxes exhibited peaks during spring thaw (March-April) and following in-season fertilization (June). Methane fluxes were variable, temporarily peaking after rainfall events, but also generally rising during the four year period which concluded with the wettest calendar year on record (2010) and widespread flooding in the upper Missouri River watershed in the spring of 2011. During this four-year period, soil moisture consistently increased from averages of 15% (vol/vol) to greater than 35% (Fig. 5). 
Discussion
Carbon dioxide fluxes
We found that mean annual soil surface fluxes of CO 2 from dryland, no-till corn calculated over four years in this soil climatic region were 2.4 Mg ha −1 (CO 2 -C) and that crop rotation did not have a significant effect on this flux. Johnson et al. (2010) also did not find significant differences in CO 2 soil surface fluxes from corn grown within 2-and 4-year rotations in central Minnesota. Our annual soil surface flux was less than the three-year average CO 2 flux of 3.7 Mg CO 2 -C ha −1 y −1 from corn measured by Johnson et al. (2010) or the two-year average of 4.7 Mg CO 2 -C ha −1 y −1 (Bavin et al., 2009 ) determined for a corn-soybean rotation in eastern Minnesota. Both of these Minnesota field trials were managed with tillage which could account for their higher CO 2 fluxes. Alternatively, higher temperature and precipitation at the Minnesota sites or differences in the amount and form of N applied could account for differences in CO 2 fluxes. CO 2 emissions from a no-till wheat-fallow system in western Nebraska of 2.8 Mg CO 2 -C ha −1 y −1 (Kessavalou et al., 1998) were similar in magnitude to our findings from notill corn. Annual patterns of CO 2 closely tracked temperature with moisture driven peaks as observed by other researchers (Johnson et al., 2010; Liebig et al., 2010) .
Nitrous oxide fluxes
Our mean annual flux of N 2 O from dryland, no-till corn in this soil climatic region was 1.2 kg ha −1 (N 2 O-N); there was no significant effect of rotation on the N 2 O flux from corn. Johnson et al. (2010) also found no difference due to rotation in N 2 O flux from tilled corn plots, but reported a 5 kg N 2 O-N ha −1 y −1 average with consistent annual values over the three-year study. Omonode et al. (2011) also determined N 2 O emissions from corn that were around 5 kg N 2 O-N ha −1 y −1 , but fluxes were significantly higher in continuous corn compared to rotated corn in two of three years at an Indiana field site. Omonode et al. (2011) also found N 2 O fluxes were significantly lower in no-till systems compared to tilled systems in two of three years. Venterea et al. (2005) (Venterea et al., 2005) . In a study of N 2 O emissions from corn-soybean cropping systems in Iowa where regional yield averages are more than 8400 kg ha −1 , emissions from no-till corn were 7.9 kg N 2 O-N ha −1 y −1 (Parkin and Kaspar, 2006) , considerably higher than our mean fluxes; however, corn in these systems received roughly 1.5× the precipitation and twice the amount of applied fertilizer in a different form compared to our study. Liebig et al. (2005) reviewed gas fluxes from a number of studies throughout the northern Great Plains and found N 2 O emissions ranged from 0.4 to 1.6 kg ha −1 y −1 (N 2 O-N) in dryland, no-till wheat cropping systems and 6.8-9.0 kg ha −1 y −1 in irrigated, tilled corn. N 2 O fluxes from our no-till corn plots are at the lower end of the reported range and appear to reflect the combined influences of abiotic (temperature, precipitation) and management (tillage, amount and form of N fertilization) factors. The positioning of our chambers near (within 5 cm), but not across the location of banded starter fertilizer, might have caused lower measured fluxes. However, only about 25% of the annual N application was banded dry as starter with the majority being broadcast. Peaks of N 2 O at spring thaw and following fertilization were observed in the current study, similar to other researchers (Venterea et 
Methane fluxes
Mean annual fluxes of CH 4 over four years from dryland, notill corn in this soil climatic region were 0.9 kg ha −1 (CH 4 -C) with no effect of rotational treatment. The identification of corn as a potential source of CH 4 , rather than a sink, contrasts with other studies that have found either neutral or negative fluxes. Bavin et al. (2009) reported that annual CH 4 flux was negligible from two years of a corn-soybean rotation located roughly 330 km east of our site. Venterea et al. (2005) also reported that an eastern Minnesota corn-soybean rotation was a CH 4 sink, regardless of tillage or nitrogen fertilizer form treatments. In the nine-year Michigan study of a no-till corn-soybean-wheat rotation (Robertson et al., 2000) , the plots were found to be a modest CH 4 sink. In a survey of methane fluxes from a variety of dryland small grain cropping systems across a broad geographic area (Liebig et al., 2005) , average CH 4 fluxes were negative (−1.4 kg CH 4 -C ha −1 y −1 ), as were several no-till small-grain cropping systems in central North Dakota (approximately −1 kg CH 4 -C ha −1 y −1 ) (Liebig et al., 2010) . While Johnson et al. (2010) found that corn grown in a 2-year rotation was a sink measuring about 1 kg CH 4 -C ha −1 y −1 ; they also found that corn grown in a 4-year rotation produced 0.4 kg CH 4 -C ha −1 y −1 ; a difference that was statistically-significant.
Methane flux measurements are highly temporally variable, even on an annual basis (Johnson et al., 2010; Liebig et al., 2010) . In our plots, CH 4 fluxes were neutral or negative for 2006 (unpublished, partial year data) and 2007 and then became positive for the period of 2008-2010 which accompanied steadily increasing soil moisture values. The accuracy of our estimates of annual cumulative fluxes is dependent on the frequency of observations (Parkin and Kaspar, 2004; Parkin, 2008) . During the winters of 2008, 2009, and 2010 , there was heavy snow cover and the chambers were not sampled since digging them out may have created a non-representative measurement site. Since the cumulative gas flux was calculated by linear interpolation between measurements, the measurements bracketing intervals without measurements may have undue influence on the cumulative gas flux. For CO 2 , fluxes were relatively low immediately before and after winter. However, for N 2 O and CH 4 , these measurement times often produced the highest values for the year (particularly 2009 and 2010) and therefore the interpolated fluxes during periods of heavy snow cover could be higher than actual values. If 50% of the winter fluxes were assumed to be overestimated due to this potential artifact, our flux averages for the years 2008-2010 would be around 1 kg N-N 2 O ha −1 y −1 and 0.8 kg CH 4 -C ha −1 y −1 . On the other hand, it is equally likely that we missed some of the peak N 2 O and CH 4 fluxes in 2009 and 2010 when the fields were simply too wet to access.
Global warming potential
Our calculated annual GWP of 572 kg CO 2 -eq ha −1 for N 2 O emissions from no-till corn closely matches the 560 kg CO 2 -eq ha −1 in annual N 2 O emissions for a no-till corn-soybean-wheat rotation (Robertson et al., 2000) . Adding 30 kg CO 2 -eq ha −1 yr −1 for methane makes a total of 602 kg CO 2 -eq ha −1 yr −1 for our no-till corn, which falls within the range of 0.15 and 1.9 Mg CO 2 -eq ha −1 yr −1 . reported for non-CO 2 GHG at a Minnesota site (Venterea et al., 2005) . However, in our 4-year rotation, soil carbon increased in the top 30 cm by 596 kg C ha −1 yr −1 , which translates to a GWP of −2.19 Mg CO 2 -eq ha −1 yr −1 that would easily offset the GWP of the non-CO 2 gas fluxes measured from corn. In contrast, soil carbon in the top 30 cm of the 2-year rotation decreased by an average of 120 kg C ha −1 yr −1 which would add 440 kg CO 2 -eq ha −1 yr −1 to that of the non-CO 2 gases to make a net GWP of 1.04 Mg CO 2 -eq ha −1 yr −1 for corn in the 2-year rotation. Our net annual GWP for corn grown in a 2-year rotation is similar to the 1.14 Mg CO 2 -eq ha −1 yr −1 net GWP calculated by Robertson et al. (2000) for a three-year rotation under conventional tillage. Robertson et al. (2000) calculated an overall net GWP of 140 kg CO 2 -eq ha −1 yr −1 for their three-year, no-till rotation compared to our negative GWP for corn grown in a fouryear, no-till rotation, although these authors included carbon from . Four year record of soil moisture measurements (average of all plots). Soil moisture was measured by time domain reflectometry (TDR) (0-30 cm), except the first three measurements (gray symbol) which were gravimetric (0-10 cm). TDR measurements were made on the day of gas measurements; missing data due to non-availability of TDR instrumentation.
liming treatments, fuel, and fertilizer production in addition to changes in soil carbon, which may have been calculated from a smaller depth interval (unclear in publication).
Resolving the cause of the increase in soil C in the four-year rotation was beyond the scope of the current study. Since we found no differences between the rotations in above ground corn biomass, soil C differences must be attributed to below-ground biomass (not measured) and/or by the inclusion of peas and wheat in the 4-year rotation. Wheat produces a fibrous root system that has been shown to effectively build soil C (Buyanovsky and Wagner, 1987) . With respect to the overall GWP for the two rotations, we did not measure GHG fluxes for the other crop phases during this time period. But, it seems unlikely that sufficient N 2 O would be generated to offset the soil carbon accumulated in the 4-year rotation by wheat fertilized with 16 kg N ha −1 or by unfertilized peas, which have been shown to produce relatively low amounts of N 2 O (Dusenbury et al., 2008; Jeuffroy et al., 2012) .
Conclusions
Despite the relatively large CV in gas fluxes among replicate plots, similar to those reported in other agricultural research plots (Liebig et al., 2005; Johnson et al., 2010; Liebig et al., 2010) , we have developed reproducible estimates for soil surface fluxes of CO 2 , N 2 O, and CH 4 for dryland corn grown in our soil-climatic region under no-till using broadcast ammonium nitrate. Since there were no treatment effects, these estimates are based on measurements from 16 chambers at 15 time points (average number of annual sampling occasions) replicated over four years. Fluxes for CO 2 and N 2 O were lower than measured for many other systems, while CH 4 fluxes were higher and highlight the potential for dryland corn to be a CH 4 source, rather than a sink, when soils trend to higher moisture levels. Accrual of soil carbon in the diversified 4-year rotation may mitigate the potential warming due to production of GHG from corn in comparison to the standard 2-year rotation. Direct measurements of GHG emissions from dominant human activities will improve predictive modeling of climate change and promote identification of specific mitigation targets (Montzka et al., 2011) . Data from the current study and other GRACEnet locations support this goal by quantifying gas emissions from dominant agricultural systems under regionally-specific soil-climatic conditions.
